Hypertriglyceridemia is an independent risk factor for coronary artery disease. Because apolipoprotein (Apo)A5 regulates plasma triglyceride levels, we investigated the impact of human (h)ApoA5 on atherogenesis. The influence of hApoA5 transgenic expression was studied in the ApoE2 knock-in mouse model of mixed dyslipidemia. Our results demonstrate that hApoA5 lowers plasma triglyceride levels in Western diet-fed ApoE2 knock-in mice. Moreover, atherosclerotic lesion development was significantly decreased in the hApoA5 transgenic mice. Finally, pharmacologic activation of hApoA5 expression by the peroxisome proliferator-activated receptor-␣ agonist fenofibrate resulted in an enhanced atheroprotection. These results identify an atheroprotective role of hApoA5 in a mouse model of mixed dyslipidemia.
A poA5 is a crucial determinant of plasma triglyceride levels. 1 The apolipoprotein (Apo)A5 gene is located within the ApoA1/C3/A4 gene cluster on human chromosome 11q23. ApoA5 modulates plasma lipid transport. 1 Indeed, ApoA5 deficiency is associated with hypertriglyceridemia both in humans and mice, 2, 3 whereas its overexpression in mice reduces plasma triglycerides levels. 4, 5 Moreover, ApoE2-associated hypertriglyceridemia is ameliorated by adenovirus-mediated ApoA5 overexpression. 5 Because hypertriglyceridemia is an independent risk factor of coronary artery disease (CAD), 6 we investigated the impact of human (h)ApoA5 expression on atherogenesis in human ApoE2 knock-in (ApoE2-KI) mice, which display mixed dyslipidemia and spontaneously develop atherosclerotic plaques. 7 Moreover, because peroxisome proliferator-activated receptor (PPAR)␣ regulates hApoA5 transcription in vitro, 8 we also assessed the influence of pharmacological modulation of hApoA5 gene expression with the PPAR␣ agonist fenofibrate.
Materials and Methods

Animals and Diets
Homozygous C57BL/6J-ApoE2-KI mice were crossed with C57BL/ 6J-hApoA5 transgenic mice to obtain ApoE2-KI*hApoA5 mice. At weaning, female mice (nϭ5 per group) were fed for 8 weeks a chow or Western diet containing (wt/wt) 0.2% cholesterol and 21% fat (UAR, Epinay sur Orge, France). Based on food consumption monitoring, the daily drug delivery of Ϸ100 mg/kg body weight for fenofibrate. Blood was obtained after a 6-hour fasting period by retroorbital puncture under isoflurane-induced anesthesia. This study was conducted according to the Guidelines for the Care and Use of Experimental Animals.
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results
Human ApoA5 Expression Improves Lipid Homeostasis in Chow-Fed ApoE2-KI*hApoA5 Mice
To analyze the impact of hApoA5 on mixed dyslipidemia, hApoA5 transgenic mice were bred with homozygous ApoE2-KI mice to yield ApoE2-KI*hApoA5 mice. Plasma triglycerides were Ϸ2.5-fold lower in chow-fed ApoE2-KI*hApoA5 transgenic versus ApoE2-KI mice (2.01Ϯ0.60 versus 4.95Ϯ1.50 mmol/L; PϽ0.001) ( Figure 1A) Figure  1A ). Analysis of the lipoprotein fractions revealed that hApoA5 overexpression resulted in a striking decrease of triglycerides in the VLDL, IDL, and LDL fractions ( Figure  1B ). By contrast, plasma cholesterol levels were not significantly decreased in ApoE2-KI*hApoA5 mice fed the lipid enriched diet ( Figure 1C and 1D) . Altogether, these results demonstrate that hApoA5 selectively decreases plasma triglycerides in ApoE2-KI*hApoA5 mice fed an atherogenic lipid-enriched diet.
Pharmacological Activation of Human ApoA5 Gene Expression Further Improves Triglyceride Metabolism
We previously demonstrated that hApoA5 is a PPAR␣ target gene in vitro. 8 The nuclear receptor PPAR␣ controls lipid homeostasis by regulating key genes encoding enzymes and apolipoproteins. PPAR␣ is activated by synthetic fibrate drugs, such as fenofibrate, which are used to normalize hypertriglyceridemia in humans. 9 Interestingly, fenofibrate treatment resulted in an Ϸ2-fold increase of liver hApoA5 mRNA (PϽ0.05), which was accompanied by elevated plasma protein levels (PϽ0.05), in ApoE2-KI*hApoA5 mice ( Figure 2A ). By contrast, murine ApoA5 gene expression was not modified by fenofibrate treatment (data not shown). Analysis of the triglyceride lipoprotein distribution profile revealed that the reduction of atherogenic lipoprotein triglyceride content observed in ApoE2-KI*hApoA5 mice was further enhanced by PPAR␣ activation, resulting in a significant reduction of the VLDL fraction ( Figure 2B ). By contrast, plasma cholesterol levels were not significantly modified in Western-fed ApoE2-KI*hApoA5 mice treated with fenofibrate (data not shown). Altogether, these data demonstrate that pharmacological activation with fenofibrate induces hApoA5 expression and plasma ApoA5 concentrations in vivo and further improves triglyceride homeostasis.
Human ApoA5 Decreases Atherosclerosis in Western Diet-Fed ApoE2-KI Mice
Next, we investigated whether hApoA5 transgenic expression influenced atherogenesis. Atherosclerotic plaque formation was assessed in ApoE2-KI*hApoA5 compared with ApoE2-KI mice by measuring oil red O-stained surfaces at the aortic sinus (Figure 3) . Representative photomicrographs showed a decrease of lipid-stained surfaces in aortas of ApoE2-KI*hApoA5 mice compared with ApoE2-KI mice ( Figure 3A, a and b) . Indeed, ApoE2-KI*hApoA5 mice exhibit an Ϸ2-fold reduction of atherosclerotic lesions compared with ApoE2-KI mice (PϽ0.005) ( Figure 3B ). PPAR␣ agonist treatment also decreased atherogenesis in ApoE2-KI mice ( Figure 3A , a and c) with an Ϸ4-fold decrease compared with untreated ApoE2-KI mice (PϽ0.001) ( Figure 3B ). Interestingly, a remarkable decrease of lesion areas was observed in fenofibrate-treated ApoE2-KI*hApoA5 transgenic mice compared with untreated ApoE2-KI*hApoA5 mice ( Figure 3A , b and d, and 3B) with an Ϸ16-fold decrease of lesion areas (PϽ0.001). These results demonstrate that hApoA5 prevents atherosclerotic lesion formation in ApoE2-KI*hApoA5 mice and that maximal atheroprotection is reached by combination with pharmacological fenofibrate treatment, which induces hApoA5 expression.
Discussion
Hypertriglyceridemia, associated with the metabolic syndrome, is an independent risk factor of CAD, particularly in women. 6 ApoA5 plays a major role in triglyceride homeostasis because human ApoA5 expression reduces hypertriglyceridemia. A recent study demonstrated that adenovirusmediated ApoA5 expression decreased hypertriglyceridemia in ApoE2-KI mice. 5 It is thought that ApoA5 accelerates hydrolysis of triglyceride-rich lipoproteins by proteoglycan bound lipoprotein lipase. 10 Here, we addressed the impact of human ApoA5 transgenic expression on atherogenesis in vivo, by generating hApoA5 transgenic mice in the ApoE2-KI background. Our results confirm that permanent transgenic expression of hApoA5 results in a decrease of plasma triglyceride levels in chow-fed mice. Moreover, we observed that hApoA5 lowered plasma cholesterol levels in chow-fed ApoE2-KI mice. Interestingly, also in Western diet-fed ApoE2-KI*hApoA5 mice, hApoA5 decreased plasma triglyceride levels. This improvement of lipid homeostasis was related to a decrease of triglyceride content in proatherogenic particles. By contrast, plasma cholesterol levels were not modified in ApoE2-KI*hApoA5 mice on a Western diet. Previous studies have demonstrated that elevated serum ApoA5 levels are associated with a decrease in serum triglycerides and cholesterol in ApoE2-KI mice fed a chow diet. 5 Thus, serum level of ApoA5 reached in our transgenic model was probably not sufficiently high to correct the hypercholesterolemia in ApoE2-KI mice fed a Western diet.
Strikingly, the decrease of plasma triglyceride levels in the ApoE2-KI*hApoA5 on the Western diet was associated with an Ϸ2-fold decrease of atherogenesis. Our findings thus identify ApoA5 as an antiatherogenic factor, which may, at least in part, act through an improvement of triglyceride homeostasis. These effects, however, do not exclude alternative or complementary mechanisms of action of hApoA5 in atheroprotection.
We previously reported that hApoA5 is a PPAR␣ target gene in vitro, whereas murine ApoA5 expression is not altered by the pharmacological activation of PPAR␣. 8 Indeed, a PPAR␣ response element was identified in the human promoter region of the ApoA5 gene. However, sequence analysis of the murine ApoA5 promoter did not reveal a putative peroxisome proliferator response element and functional analyzes by transfection and EMSA experiments demonstrated that PPAR␣ activation does not alter murine ApoA5 gene expression. The present work extends these observations to the in vivo situation. Accordingly, a recent pharmacogenetic study implicated genetic variation in hApoA5 as a determinant of the plasma lipoprotein response to fibrates. 11 Fibrates can lower triglyceride levels by Ͼ30%. 12 The upregulation of hApoA5 by PPAR␣ may contribute to its effect on triglyceride homeostasis. ApoA5 is present at very low plasma concentrations. However, ApoA5 is a major regulator of triglyceride metabolism in humans. 13 Therefore, it is conceivable to assume that a small but significant raise of hApoA5 expression on PPAR␣ activation may participate in the strong decrease of plasma triglyceride levels in ApoE2-KI*hApoA5 mice treated with fenofibrate.
Because of the atherogenic potential of hypertriglyceridemia, the use of strategies to manage triglyceride levels is warranted to further reduce excessive residual CAD risk. 6 Fenofibrate has been shown to reduce plasma triglyceride levels. The fact that hApoA5 prevents atherosclerotic lesion formation in a mouse model of mixed dyslipidemia, an effect likely attributable to the lowering of plasma triglyceride levels, suggests that the increase of hApoA5 plasma levels after fenofibrate may contribute to confer maximal atheroprotection.
In conclusion, even though the molecular mechanisms by which ApoA5 decreases plasma triglycerides remain to be firmly established, our observations provide evidence that, in vivo, human ApoA5 displays antiatherogenic properties. These results strongly reinforce the interest in human ApoA5 as a target for the treatment of hypertriglyceridemia and atherogenesis.
